Abstract: Effect of optical loss, presented in a superstructure grating with a complex refractive index profile, on the mode coupling is studied in a two-mode silicon-on-insulator waveguide. In this scheme, both our theory and experimental results indicate that the optical loss not only provides optical absorption of a targeted output mode and thus the corresponding modal coupling loss, but also induces a broken parity-time symmetry phase that strongly prohibits power coupling from the incident mode to the output mode. As a result, the latter can give rise to a much-enhanced modal coupling loss of the targeted output mode. Under a reasonable device length about 37 μm, the enhancement factor can be as high as ∼20 dB in simulation and ∼17 dB in experiment. This paper may offer a different way to exploit the role of optical loss in boosting modal coupling loss that can directly translate to power extinction ratio. It thus may find potential applications in novel intensity modulator designs.
Introduction
Parity-time (PT) symmetry theory derived first from quantum mechanics demonstrates that nonHermitian Hamiltonian can still have real spectra corresponding to conserved PT symmetry [1] , [2] . Non-Hermitian potentials can be constructed with spatially arranged loss and gain profiles, which correspond to complex refractive index distributions in optical systems [3] - [9] . Quantum exceptional point (EP) is the threshold of PT phase transition between conserved PT symmetry and broken PT symmetry, which has been observed in optical systems [10] - [13] . At the exceptional point, an on-chip unidirectional energy oscillation between two optical modes is observed in a two-mode waveguide system, where the optical potentials have a spontaneously broken PT symmetry with a non-Hermitian Hamiltonian [14] . Here we consider two two-mode optical waveguide systems with superstructure gratings having the same periods but different repeating unit cells. The first system has only an optical grating with a Hermitian or real refractive index profile. One of its two modes is used as an incident mode and is phase matched, by selecting an appropriate grating period or grating wave vector, to the other mode, which is denoted as the targeted output mode. The second system has a Non-Hermitian or complex refractive index profile, with its real part exactly the same as the one above and its imaginary refractive index profile carefully engineered to put the system into a broken PT symmetry phase, where the power of the incident mode cannot be coupled to the targeted output mode owing to the absence of the required grating wave vector. In this case, the imaginary refractive index profile or optical loss not only provides the optical absorption of the targeted output mode but also leads to a different system phase that strongly prohibits power coupling from the incident mode to the targeted output mode. Consequently, the latter can provide an enhanced modal coupling loss of the targeted output mode. In our experiment using silicon-on-insulator (SOI) waveguides, an enhancement factor ∼17 dB is successfully observed. It is noteworthy to point out that several different approaches to enhance certain forms of optical loss have already been studied, for example, using optical micro-rings [15] , [16] , slow-light waveguides [17] , [18] , and light recycling multi-mode devices [19] , [20] . These approaches take advantage of enhanced interaction time between light and materials to induce a large optical phase shift, which is then translated into intensity modulation or optical loss via interference. A typical value for the enhancement factor is less than 10 dB considering a reasonable device size [15] - [20] . On the contrary, our mechanism does not require an enhanced interaction time but rather relies on the change into a different phase, i.e., a broken parity-time symmetry phase. If the Hermitian phase is regarded as an 'on' state of an optical intensity modulator and the broken parity-time symmetry phase is regarded as an 'off' state, the power of targeted output mode can be varied when the imaginary refractive index is 'switched' between 0 and a specific value. According to our experimental results, the switching of the phase can provide additional ∼17 dB modulation depth compared to the cases with only optical absorption. Thus, we believe that our work may offer a different and high promising way of manipulating optical loss and its related applications such as intensity modulators.
Theories and Methods

Theoretical Model
A two-mode SOI waveguide that is 0.8 μm in width and 0.22 μm in height is used as an example in this work. The wave vector of the fundamental quasi-TE mode (quasi-TE 00 ) is k 1 = 2.65k 0 and that of the 1st-order quasi-TE mode (quasi-TE 10 ) is k 2 = 2.07k 0 at the wavelength of 1.55 μm, where k 0 is the corresponding wave vector in a vacuum. As shown in Fig. 1(a) , complex refractive index profile is introduced on the top half of the surface of the silicon waveguide to ensure non-zero coupling between two modes, and the period of longitudinal profile is p = 2π/q = 2.668 μm, where q = |k 2 −k 1 |. This grating period is deliberately selected in order to compensate the phase mismatch between the quasi-TE 00 mode and quasi-TE 10 mode. Each period is equally divided into four parts in which the perturbations of effective refractive index n eff are denoted in turn as A, B, C and D, respectively.
In this waveguide, the electric field of light is given by
where E 1,2 (x, y) are normalized mode profiles of the quasi-TE 00 and quasi-TE 10 modes and A 1,2 (z) are their amplitudes. Under the slowly varying approximation, the mode coupling equations can be expressed in matrix format:
where Considering its components only to the first order, the Fourier series expansion of n eff (z) shown in Fig. 1 (a) can be given by
where z 0 is the starting position of the coupling region, n 0 is the 0th-order Fourier component and n ±q are the ±1st-order Fourier components. Considering a phase matching condition, the mode coupling equations in Eq. (2) can be simplified as:
where
In Fig. 1 (b) and (c), red and blue lines represent two cases with different real and imaginary effective refractive index profiles. The first case in Fig. 1 (b) forms a Hermitian system, which is lossless and allows bi-directional coupling between the quasi-TE 00 mode and quasi-TE 10 mode. The second case in Fig. 1 (c) forms a system of broken PT symmetry, where the coupling from the quasi-TE 10 mode to quasi-TE 00 mode is prohibited in the incident direction or +z direction [21] , [22] . The detailed analysis is as follows.
In the case of
, where δ represents the grating strength, the coupling coefficients C 1,+1 = C * 2,−1 = 0 (N 1 = N 2 ), and the coefficient matrix and its corresponding eigenvalues can be rewritten as:
The real eigenvalues of Eq. (5b) indicate that the system is in the Hermitian state allowing bidirectional mode coupling (referred as Herm hereafter). When the initial condition is A 1 (z 0 ) = 0 and A 2 (z 0 ) = 1, the position-dependent power of quasi-TE 00 mode is:
When the grating strength δ is small, the power oscillation between the two modes will fall into the scope of weak-coupling process and the difference between M 1 and M 2 will be negligible. Then the coefficient before sinusoidal function in Eq. (6) will be close to 1 and the power can be completely coupled to the quasi-TE 00 at the position
, the coupling coefficients C 1,+1 = 0 and C 2,−1 ࣔ0, and the coefficient matrix and its corresponding eigenvalues can be rewritten as:
The complex eigenvalues in Eq. (7b) are a direct evidence of broken parity-time (BPT) symmetry, and the imaginary parts of eigenvalues determine the amplification or attenuation of the mode amplitudes. The corresponding eigenstates here are
Given the boundary condition of A 1 (z 0 ) = 0 and A 2 (z 0 ) = 1, which coincides exactly with the second eigenstate, the power of the quasi-TE 00 mode then always remains zero over the whole coupling region and the power coupling is completely prohibited from the quasi-TE 10 mode to the quasi-TE 00 mode (referred as BPT hereafter). Notice that such an effect is independent of the magnitude of grating strength δ and thus can be very advantageous and robust.
Experimental Device Design
The device under test consists of a transfer region, a coupling region and a filter region, as shown in Fig. 2 . The transfer region here serves the purpose to convert the light in the quasi-TE 00 mode coupled conveniently from an input grating coupler into the quasi-TE 10 mode, which is required by the BPT state. In this region, the incident light from a single mode SOI waveguide is split equally by a symmetric Y-junction and a phase difference of π is introduced between the two single-mode arms after the Y-junction. When they meet at the second symmetric Y-junction, due to their π phase difference, only the odd mode or anti-symmetric mode (i.e., the quasi-TE 10 mode under consideration) is excited in the multi-mode output port of the Y-junction. Notice that in order to improve the excitation efficiency the output port of the Y-junction is slightly tapered from 900 nm down to 800 nm. The latter is the width of the SOI multi-mode waveguide (MMW), where the periodic permittivity profile occurs. In this scenario, the incident light into the MMW is purely quasi-TE 10 mode, i.e., A 1 (z 0 ) = 0 and A 2 (z 0 ) = 1. The coupling region contains extra silicon (Si) blocks (red) to realize real permittivity profile and chromium (Cr) blocks (blue) to realize imaginary permittivity profile. The sizes (l × w × h) of the Si and Cr blocks are 0.667 μm × 0.3 μm × 0.02 μm and 0.667 μm × 0.14 μm × 0.02 μm, respectively. The centers of the blocks are both 0.14 μm away from the center of the MMW. The perturbations of the effective refractive indices for both modes induced by Si blocks are approximately 0.03. They are −0.003 + 0.03i by Cr blocks. Notice that 1) its real part is one order of magnitude smaller than that of Si Blocks and thus can be safely neglected, and 2) its imaginary part is the same as that of Si Blocks, satisfying our theoretical requirement. In the filter region, any remaining quasi-TE 10 mode will be stripped out by tapering the MMW into a single-mode waveguide (the extinction ratio is larger than 100 dB according to our FDTD results) while the power of newly generated quasi-TE 00 mode, if any, remains almost unchanged.
According to the theoretical results given in Section 2.1, the permittivity of A is predetermined as a real value δ. If the permittivity of B is zero, the system will be in the Hermitian state and the power of the incident quasi-TE 10 mode can be coupled to the quasi-TE 00 mode in coupling region. On the other hand, if the permittivity of B is applied as an imaginary value δi, the system will be in the state of broken PT symmetry and the mode of the incident quasi-TE 10 mode is prohibited from being coupled to the quasi-TE 00 mode in coupling region. Consequently, the introduction of imaginary permittivity of B will enhance the suppression of quasi-TE 00 mode dramatically because the BPT state strongly prohibits power coupling from the quasi-TE 10 mode to the quasi-TE 00 mode. In order to evaluate the enhancement of modal coupling loss induced by solely the phase transition to the BPT state, the fraction of modal coupling loss contributed by normal optical absorption in BPT state needs to be measured and subtracted. Hence a third device with the same coupling region as BPT state but with additional Cr blocks to make the loss region symmetric is also designed. The exact locations of the additional Cr blocks are indicated by the blue dashed boxes in Fig. 1(a) . In this case, the imaginary part of the effective refractive index becomes 0.06i (twice that of BPT state). Owing to the opposite parities of the quasi-TE 00 mode to the quasi-TE 10 mode, the coupling between the two modes induced by the symmetric imaginary permittivity profile vanishes. Thus, the imaginary permittivity acts as pure absorption (referred to as PA hereafter).
Numerical Calculation Results
The mode coupling behavior of the three states (Herm, BPT and PA) is investigated using the coupled mode theory outlined above and Finite-Different Time-Domain (FDTD) numerical simulation method. The results are shown in Fig. 3(a)-(c) . For the Herm state, the power is coupled from the initial quasi-TE 10 mode to the quasi-TE 00 mode according to Eq. (6), while Fig. 3(c) and its inset indicate that the coupling process in the PA state is similar to Herm state (with power transfer to the quasi-TE 00 mode) but having much more loss for both optical modes. In stark contrast, there is hardly any power coupled to the quasi-TE 00 mode in the BPT state as shown in Fig. 3(b) and its inset. To further investigate these three states, the corresponding optical intensity distribution in coupling region for all the states is also numerically simulated and shown in Fig. 4 . Along the propagation direction, distinct intensity oscillatory patterns in the Herm state and PA state can be observed due to the two-mode interference. This confirms that there exists mode coupling between the two modes. However, there are hardly any oscillatory patterns visible for the BPT state, suggesting the mode coupling has been largely suppressed. The refractive index of crystalline silicon is used in numerical calculations.
The numerical simulation results are further used to extract the enhancement factor of modal coupling loss in decibel scale. It is defined as E F = 10log(I H erm / I B PT/PA ), where I H erm and I B PT/PA are the output optical intensities of quasi-TE 00 mode in Herm state and BPT/PA state respectively. Notice that the absorption in PA is twice that of BPT due to additional Cr Blocks. Extracting the enhancement factor of modal coupling loss induced solely by the phase transition to the BPT state needs to deduct the modal coupling loss induced by the optical absorption. This can be achieved by setting the nominal absorption of PA to half and thus making it the same as BPT in calculation (the superscript * below is used to refer to this state of equal absorption). The net enhancement factor EF * can then be defined as 
E F *
PA and E F * are plotted in Fig. 5 . Overall, a relatively constant enhancement factor ∼20 dB (the orange curve) can be obtained regardless of the length of the coupling region, confirming the validity and versatility of our scheme. The insertion loss for this short device (∼37 μm) can be calculated as ∼4.56 dB from Fig. 3(a) . It, however, can be easily reduced by using a longer device where the mode conversion efficiency from the quasi-TE 10 mode to the quasi-TE 00 mode can approach almost unity in the Herm state.
Experiment
The SEM images of coupling regions in the Herm, BPT and PA states are shown in Fig. 6(a)-(c) . For the Herm state, a periodic Si block array (red boxes) is deposited by magnetron sputtering on the top half of the surface of the SOI waveguide to realize the real permittivity profile for efficient mode coupling. For the BPT state, besides the Si block array, an addition array of Cr blocks (blue boxes) is deposited by evaporation to realize the imaginary permittivity profile. For the PA state, a second array of Cr blocks (blue boxes) is deposited to the same structure as in the case of BPT to make the imaginary permittivity profile symmetric about the center axis of the SOI waveguide. Devices with 8, 10 and 12 periods in the coupling region are fabricated for each of the three cases. The experimental results, summarized in Fig. 7(a) , clearly show that the BPT state can enhance the modal coupling loss by ∼17 dB for the quasi-TE 00 mode, compared to that of the PA * state with the same nominal absorption loss. This finding agrees reasonably well with our numerical results. The slight degradation and variation of the enhancement factor obtained in experiment especially for devices in the BPT state is attributed to the fabrication imperfection as well as variations in coupling efficiency in between the fibers and the devices. The spectra of the enhancement factor of modal coupling loss is also measured and shown in Fig. 7(b) for the devices with 12 grating periods in the coupling region. These results suggest that the enhancement effect is broadband with a low wavelength dependence. Specially, the enhancement factor is larger than 17 dB in the wavelength range of 1540 nm to 1560 nm and it gradually drops to about 13 dB as the wavelength approaching 1575 nm, mainly due to degrading phase matching conditions. Nevertheless, this proof-of-concept demonstration still strongly support the efficacy of our scheme for enhancing the modal coupling loss.
Conclusion
In summary, the process of enhancing optical modal coupling loss for a targeted output mode in a two-mode SOI waveguide of broken parity-time symmetry has been studied. We show clear findings that the optical loss can be leveraged to provide not only optical absorption but also a broken parity-time phase that eliminates certain grating wave vector, which can be further exploited to suppress modal coupling. These two effects can work together to induce a very large modal coupling loss. Importantly, the broken parity-time phase alone can account for a majority part of this loss. Based on this principle, three testing samples were fabricated and an experimental enhancement factor ∼17 dB was obtained. Our results may pave a new way for designing high extinction ratio efficient optical modulators or switches.
